INTRODUCTION {#SEC1}
============

Protein synthesis is universally ensured by ribosomes, which are complex molecular machines made of ribosomal RNAs (rRNAs) and several tens of ribosomal proteins (RPs). While the overall ribosome structure is remarkably conserved across the three kingdoms of life, eukaryotic ribosomes are bigger and more complex than their prokaryotic counterparts. Compared to prokaryotes, human ribosomes contain ∼2650 additional nucleotides forming expansion segments of rRNA, and 26 supplementary RPs ([@B1]). Ribosome synthesis in eukaryotes has evolved into a sophisticated RNA processing and protein assembly process that requires several hundreds of trans-acting factors, hereafter called ribosome biogenesis factors (RBFs) (for review, ([@B2],[@B3])). The production of the two eukaryotic ribosomal subunits starts with the synthesis of a large ribosomal RNA precursor in the nucleolus that associates co-transcriptionally with most RPs and RBFs. This common precursor is then cleaved to generate the pre-40S and pre-60S particles, which then follow independent maturation pathways. The early nuclear pre-40S particles are rapidly exported to the cytoplasm ([@B4]), carrying a limited list of RBFs that are gradually released upon action of protein kinases ([@B5]--[@B10]). Several cytoplasmic maturation steps have been distinguished in yeast and in mammalian cells, until the final processing of the 18S rRNA 3′ end ([@B7],[@B9]--[@B13]).

Defects in ribosome synthesis are now considered pathogenic in a growing family of genetic diseases or acquired syndromes, termed ribosomopathies ([@B14],[@B15]). Ribosome biogenesis defects have been associated with human genetic diseases, such as Diamond-Blackfan anemia (DBA), Shwachman--Diamond syndrome or the Treacher--Collins syndrome. The cellular stress resulting from defective ribosome biogenesis triggers response pathways, including p53 activation and cell cycle arrest, which appear to be fatal to some physiological processes. Next generation sequencing techniques have recently revealed the presence of mutations in ribosomal proteins in several types of cancer, e.g. T-cell acute lymphoblastic leukemia and gastric cancer ([@B16],[@B17]). Mutations in ribosomal protein genes may confer a familial predisposition to cancer, as shown with the link between RPS20 mutation and colon cancer ([@B18]). Understanding these inherited and sporadic pathologies requires an exhaustive characterization of ribosome biogenesis mechanisms in human cells.

Our knowledge of ribosome biogenesis in mammalian cells is only limited in comparison with the wealth of studies performed in baker\'s yeast. Advances in gene expression technologies in mammalian cells have recently unraveled substantial differences in the mechanisms of mammalian pre-ribosomal RNA (pre-rRNA) processing (for review ([@B19])). While many ribosome biogenesis factors appear to have conserved functions, new ones have only been described in human cells ([@B20]--[@B22]), and the dynamics of their association with pre-ribosomes sometimes differs compared to yeast ([@B5],[@B6],[@B23],[@B24]), suggesting changes in the spatial coordination of pre-ribosomal assembly. These significant mechanistic differences are likely linked, at least in part, to the emergence of new regulatory pathways in metazoans during evolution.

The full understanding of the molecular interplay between the actors of ribosome biogenesis is currently limited by a poor knowledge of the structure of pre-ribosomal particles at various maturation stages. Here, we have used cryo-electron microscopy (cryo-EM) and single particle analysis to determine the 3D structure of a human cytoplasmic pre-40S particle purified by tagging the ribosome biogenesis factor LTV1. We were able to position 5 out of the 6 stably bound RBFs onto this pre-40S particle. Although globally similar to its yeast counterpart, this structure highlights some differences in the position of the ribosome biogenesis factors. In addition, it shows the presence of RACK1, while this protein was not previously detected at this maturation stage in yeast ([@B25]). We subsequently show that RACK1 is required for the efficient processing of the 18S rRNA 3′-end. Given the role of RACK1 in translation initiation, we discuss the hypothesis that this last maturation step is kinetically coupled to translation initiation.

MATERIALS AND METHODS {#SEC2}
=====================

TAP purification of human pre-40S particles {#SEC2-1}
-------------------------------------------

HEK293 FlpIn TRex cell lines expressing HASt-GFP or HASt-LTV1 have been described previously ([@B26]). The HEK293 FlpIn TRex cell line expressing RPS2-StHA was generated as described ([@B26]). The protocol described by Wyler *et al*. was adapted to purify pre-ribosomal particles from HASt-LTV1 HEK293 FlpIn TRex cells. Expression of N-terminally HASt-tagged or C-terminally StHA-tagged bait proteins in stable HEK293 cells was induced with tetracycline 24 h prior to harvest. Cells were detached with PBS containing 0.5 mM EDTA and lysed in lysis buffer (10 mM Tris--HCl, pH 7.5, 100 mM KCl, 2 mM MgCl~2~, 1 mM DTT, 0.5% NP-40, supplemented with protease and phosphatase inhibitors) using a dounce homogenizer. Lysed cells were centrifuged (4500 g, 12 min) and the lysate was incubated with StrepTactin beads (IBA) for 30 min in an overhead shaker. For electron microscopy studies, beads were washed six times with TAP buffer and eluted by incubation in TAP buffer supplemented with 2.5 mM *d*-desthiobiotin (Sigma). For subsequent analyses by silver staining and western blotting, beads were washed three times with TAP buffer (10 mM Tris--HCl, pH 7.5, 100 mM KCl, 2 mM MgCl~2~, 1 mM DTT, protease and phosphatase inhibitors) and bound material was eluted with SDS sample buffer in Mobicol spin columns (MoBiTec). Antibodies against RPL23a, NOB1, RPS3 and TSR1 have been described previously ([@B5],[@B9]). Anti-RPS10 (ab151550) and anti-RPS26 (ab104050) antibodies were purchased from Abcam.

Cryo-electron microscopy {#SEC2-2}
------------------------

For cryo-EM, 3.5 μl of sample (at a final RNA concentration of ∼20 ng/μl as estimated by Nanodrop measurements), were deposited onto freshly glow-discharged holey carbon grids (Quantifoil R2/1 or R2/2) and loaded into the thermostatic chamber of a Leica EM-GP automatic plunge Freezer, set at 20°C and 95% humidity. Excess solution was blotted for 1.8--2.1 s with a Whatman filter paper no. 1, and the grid was immediately flash frozen in liquid ethane, cooled at -183°C. Grids were prepared and systematically checked at METI, the Toulouse cryo-EM facility. Cryo-EM image acquisition was performed at the Netherlands Center for Electron Nanoscopy (NeCEN), using a FEI Titan Krios Microscope operating at 300 kV. Using the FEI EPU software, images were automatically recorded on a Falcon II direct electron detector, with an electron dose of ∼30 e^−^/Å^2^, at a nominal magnification of 59 000× corresponding to a calibrated pixel size of 1.136 Å/pixel. Nominal defoci ranged from −1.6 to −2.5 μm.

Single particle analysis {#SEC2-3}
------------------------

Micrographs not suitable for further processing (i.e. zones containing no ice, or massive contamination) were discarded by visual checking. Contrast transfer function (CTF) parameters of the remaining micrographs were estimated using CTFFIND3 ([@B27]). Based on these parameters, micrographs showing signs of drift or astigmatism were removed, resulting in a dataset of 3812 micrographs. 103 247 particles were selected with e2boxer, the semi-automated particle picking command from EMAN2 ([@B28]), extracted in boxes of 384 × 384 pixels, which were subsequently binned by a factor 2 for faster computations. 2D and 3D classifications, as well as refinements were then performed using RELION 1.3 ([@B29]) (see Supplementary Material and Supplementary Figure S1). The consensus 3D structure here described was obtained from 54,436 particles, at a resolution of 22.9 Å for a FSC = 0.143, according to the gold-standard FSC procedure ([@B30],[@B31]). This 3D structure was then masked with an *ad hoc* binarized soft mask (with a 10 pixels fall-off), by using the post-process command of RELION 1.3, which gave rise to a 19.4 Å resolution structure at FSC = 0.143 (see Supplementary Figure S2). Local resolution estimation was performed on the unsharpened final map with the ResMap software package ([@B32]), using a 2 Å step search between 5 and 30 Å resolution.

All 3D maps were displayed using Chimera ([@B33]), with a density threshold of 2*σ*, unless otherwise stated. For the rigid body docking of the mature 40S subunit, an atomic model of the human mature 40S subunit devoid of RPS26 and RPS10 was derived from the 3D structure published by Anger *et al*. (PDB code: 4V6X ([@B1])). This structure was fitted into the HASt-LTV1 pre-40S particle density map, using the 'Fit' command of Chimera. For difference map computations, and the subsequent fitting of atomic models of various RBFs, the modified mature 40S subunit model was low-pass filtered to 21 Å resolution with the 'Molmap' command of Chimera. Difference maps between the 3D structures of the HASt-LTV1 pre-40S particle and the modified mature 40S subunit were calculated using either the 'vop subtract' option in Chimera, or the Diffmap program by N. Grigorieff. Both options yielded similar results. The difference map was superimposed to the modified mature 40S structure, and available X-ray or NMR structures of maturation factors were manually positioned in the density zones of difference maps according to their localization in yeast, as assessed by CRAC and cryo-EM analyses ([@B8],[@B25],[@B34]). This crude fitting was then refined with the 'fit in map' option of Chimera.

Knockdown of gene expression with small interfering RNAs {#SEC2-4}
--------------------------------------------------------

HeLa cells were cultured in DMEM (Gibco) supplemented with 10% fetal bovine serum and 1 mM sodium pyruvate (Sigma). The following 21-mer siRNAs (Eurogentec), whose efficiency was verified by qPCR, were used to knock down expression of the following human mRNAs in HeLa cells: RACK1 (GenBank accession number: NM_006098): 5′-CUCUGGAUCUCGAGAUAAAdTdT-3′ (siRNA *rack1-1*), 5′-CUGGGUGUGUGCAAAUACAdTdT-3′ (siRNA *rack1-2*), 5′-CCCACUUUGUUAGUGAUGUdTdT-3′ (siRNA *rack1-3*); RPS10 (GenBank accession number: NM_001203245): 5′-GAACCGGAUUGCCAUUUAUdTdT-3′ (siRNA *rps10*); RPS15 (GenBank accession number: NM_001308226): 5′-UCACCUACAAGCCCGUAAAdTdT-'3 (siRNA *rps15*); RPS26 (GenBank accession number: NM_001029): 5′-GGACAAGGCCAUUAAGAAAdTdT-3′ (siRNA *rps26*) ([@B35]). The siRNA solution (500 nM final concentration) was added to the cell suspension incubated on ice (10 × 10^6^ cells in 200 μl of Na phosphate buffer, pH 7.25, 250 mM sucrose, 1 mM MgCl~2~). Electro-transformation was performed with square pulses at 240 V with a Gene Pulser (Bio-Rad) as described ([@B36]). A scramble siRNA (siRNA-negative control duplex; Eurogentec) was used as a control. Cells were then plated and grown in DMEM at 37°C for 48 h.

Analysis of ribosomes by sucrose density gradient centrifugation {#SEC2-5}
----------------------------------------------------------------

The cells were treated for 10 min with 100 μg/ml cycloheximide (Sigma) 48 h post-transfection. After washing with PBS containing cycloheximide, they were mechanically disrupted with a Dounce homogenizer in buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl~2~, 10 mM KCl, 0.5 mM DTT) containing cycloheximide. The cytoplasmic fraction was recovered by centrifugation for 10 min at 1000 g and at 4°C, and then further clarified by two successive centrifugations at 10 000 g. A volume corresponding to 1 mg total proteins was loaded on 10--50% (w/w) sucrose gradients, prepared with a Gradient Master former (BioComp Instruments). After centrifugation at 4°C and at 36 000 rpm for 105 min in a SW41 rotor (Optima L100XP ultracentrifuge; Beckman Coulter), the fractions were collected at OD~254\ nm~ with a Foxy Jr. gradient collector (Teledyne Isco).

RNA extraction and northern blot analysis of rRNA precursors {#SEC2-6}
------------------------------------------------------------

Total RNAs were extracted with Trizol from cell pellets containing 20--30 × 10^6^ cells. For Northern blot analyses, RNAs were dissolved in formamide, denatured for 10 min at 70°C and separated on a 1.2% agarose gel containing 1.2% formaldehyde and Tri/Tri buffer (30 mM triethanolamine, 30 mM tricine, pH 7.9) (3 μg RNAs/lane). They were transferred to a Hybond N^+^ nylon membrane (GE Healthcare) by passive transfer and UV cross-linked. After pre-hybridization at 45°C in 6× SSC, 5× Denhardt\'s solution, 0.5% SDS, 0.9 μg/ml tRNA, the membrane was incubated overnight with the 5′-radiolabeled oligonucleotide probe. The following probes were used: 5′-ITS1 (5′-CCTCGCCCTCCGGGCTCCGTTAATGATC-3′); ITS2 (a mixture of ITS2b: 5′-CTGCGAGGGAACCCCCAGCCGCGCA-3′ and ITS2d/e: 5′-GCGCGACGGCGGACGACACCGCGGCGTC-3′); 18S (5′-TTTACTTCCTCTAGATAGTCAAGTTCGACC-3′); 3′ 18S (5′-TAATGATCCTTCCGCAGGTTCACCTACG-3′); 28S (5′-CCCGTTCCCTTGGCTGTGGTTTCGCTAGATA-3′). After washing for 10 min in 2× SSC, 0.1% SDS and in 1× SSC, 0.1% SDS, the membrane was exposed. Signals were acquired with a Typhoon Trio PhosphorImager (GE Healthcare) and quantified using the MultiGauge software.

RNase H cleavage assay and 3′ RACE analysis {#SEC2-7}
-------------------------------------------

For RNase H cleavage assays, 4 μg total RNAs were denatured at 95°C for 3 min with a reverse probe (5′-TTTACTTCCTCTAGATAGTCAAGTTCGACC-3′; 1 μl at 100 μM) hybridizing in the 3′ end of 18S rRNA ([@B37]). After annealing by cooling down to room temperature for 10 min, the reaction mixture was diluted to 30 μl with a reaction mix containing 1× RNase H reaction buffer, 65 μM DTT, 0.5 U/μl RNasin (Promega), and 50 U RNase H (New England Biolabs), and incubated at 37°C for 30 min. The reaction was then blocked by addition of 0.3 M sodium acetate, pH 5.2, and 0.2 mM EDTA. After phenol extraction and RNA precipitation, the samples were analyzed on a 12% polyacrylamide gel containing urea and TBE buffer. The samples were then electro-transferred to a nylon membrane (Hybond N+; Amersham) and revealed with radiolabeled probes.

3′ RACE analysis was adapted from Kiss and Filipowicz ([@B38]). Primers ITS1-Hs-RACE (5′- CGCGAATTCGATCATTAACGGAGCCCGGAG-3′) and ITS1+2-Hs-RACE (5′-CGCGAATTCACCTGCGGAAGGATCATTAAC-3′), which spans the 18S-ITS1 junction up to nucleotide 13 and to nucleotide 2 in the ITS1 respectively, were used for PCR amplification. The amplified fragments were sub-cloned, automatically sequenced and aligned with Jalview software ([@B39]).

Fluorescence *in situ* hybridization {#SEC2-8}
------------------------------------

Cells grown on glass cover slips were fixed with 4% paraformaldehyde in PBS for 15 min. After washing in PBS, the cells were permeabilized in 70% ethanol overnight at 4°C. They were then re-hydrated twice for 5 min in 2× SSC containing 10% formamide. The precursors to the 18S rRNA were localized by fluorescence *in situ* hybridization (FISH) with a 5′ ITS1 probe coupled to Cy3 ([@B35]). The cover slips were washed in 2× SSC containing 10% formamide, and DNA was counter stained with Hoechst 33342 (Invitrogen), before mounting in Mowiol 4.88 (PolyScience, Inc.). The slides were observed with an inverted microscope (IX-81; Olympus), equipped with a ×100, oil immersion objective (Plan Apochromat, 1.4 NA; Olympus) and an Orca Flash 4.0 camera with a pixel size of 6.5 μm (Hamamatsu), driven by MetaMorph (MDS Analytical Technologies).

RESULTS {#SEC3}
=======

Cryo-EM 3D structure of a human cytoplasmic pre-40S particle {#SEC3-1}
------------------------------------------------------------

In order to decipher the cytoplasmic steps of the small ribosomal subunit assembly, human pre-40S particles were purified by tandem affinity chromatography using the ribosome biogenesis factor LTV1 as bait ([@B26]) (Figure [1](#F1){ref-type="fig"}). Previous proteomic and Western blot analyses have shown that HASt-LTV1 pre-40S particles contain at least six stably bound RBFs, namely HASt-LTV1, ENP1/Bystin, TSR1, RIO2, NOB1 and DIM2 ([@B26]). A migration pattern similar to that previously published was observed after SDS-PAGE and silver staining of the HASt-LTV1 purification (Figure [1A](#F1){ref-type="fig"}). Furthermore, Western blot analyses revealed that pre-40S particles purified by HASt-LTV1 are devoid of RPS10 and RPS26 (Figure [1B](#F1){ref-type="fig"}). This is similar to yeast pre-40S particles purified using tagged Rio2 as bait ([@B25]). Although LTV1 associates to pre-40S particles in the nucleus, this protein is mostly cytoplasmic ([@B5],[@B20]). This suggests that the purified HASt-LTV1 pre-40S particles are predominantly associated to 18S-E pre-rRNA, the last precursor to 18S rRNA, which is released by cleavage at site E. Just after the cleavage, this precursor bears an ITS1 extension of 78--81 nucleotides in length, which is rapidly trimmed by a 3′-5′ exonuclease and exported to the cytoplasm ([@B4],[@B39]). Production of 18S-E pre-rRNA is a prerequisite for the export of pre-40S particles, as attested by the absence of earlier 18S precursors in the cytoplasm. Consistently, both Northern blot and 3′-RACE experiments showed that pre-40S particles isolated by LTV1 affinity purification contain 18S-E pre-rRNAs bearing short 3′ ITS1 extensions (Figure [1C](#F1){ref-type="fig"} and [D](#F1){ref-type="fig"}), as expected for cytoplasmic particles ([@B39]). A 3′ RACE primer annealing to 13 nucleotides in the ITS1 (Figure [1D](#F1){ref-type="fig"}, upper panel) revealed that the 3′ extensions were 15--35 nucleotides long, and most of them bore 1--3 non-templated uridines, which are cytoplasmic marks for the 18S-E pre-rRNAs ([@B39]). A 3′ RACE primer spanning only 2 nucleotides in the ITS1 highlighted 5--9 nt extensions, devoid of non-templated uridines (Figure [1D](#F1){ref-type="fig"}, lower panel). These data demonstrate that the cytoplasmic pre-40S particles used in this study contained heterogeneous 18S-E pre-rRNAs with very short ITS1 extensions.

![Biochemical characterization of human HASt-LTV1 pre-40S particles. (**A**), HASt-LTV1 purification product analyzed by silver staining. The bands from the SDS-PAGE gel were annotated according to ([@B26]). (**B**), Western blot analysis of RBFs and RPs in HASt-LTV1 pre-40S particles. Proteins copurifying with HASt tagged RPS2 or GFP are shown as controls. Total cell extracts (Input) and the corresponding purification products (Eluate) are displayed on the left and right panels, respectively. (**C**), Northern blot analysis of the RNA content of the HASt-LTV1 pre-40S particles revealed with the 5′ ITS1 probe (0.2μg/lane). Total RNAs were loaded for comparison (1.5 μg/lane). (**D**), 3′ RACE analyses of the RNAs extracted from HASt-LTV1 pre-40S particles. Sequences were aligned relative to the 3′ end of 18S rRNA followed by the first 81 nt of the ITS1, which are left by endonucleolytic cleavage at site E (top sequences). PCR was performed with two different forward primers spanning 13 nt (top panel) or 2 nt (bottom panel) into the ITS1, as indicated by semi-transparent blocks.](gkw714fig1){#F1}

The 3D structure of purified HASt-LTV1 particles was determined using cryo-EM and single particle analysis (Figure [2A](#F2){ref-type="fig"}), yielding a 19 Å resolution according to the gold-standard FSC criterion ([@B30],[@B31]), (Supplementary Figure S2A). This consensus 3D structure was obtained from ∼58 000 particles selected from an initial dataset of ∼103 000 particles. Further attempts to distinguish a finite number of structural conformers to further improve resolution were unsuccessful, which we assign to the strong conformational heterogeneity of these particles (see Supplementary Material and Supplementary Figure S1).

![Cryo-EM 3D structure of human HASt-LTV1 pre-40S particles. (**A**), Surface views of the cryo-EM 3D structure of HASt-LTV1 pre-40S particles, solved at 19 Å resolution. On the interface view, the mRNA groove located between the head and the body has been outlined by a purple dotted line arrow. (**B**), Surface views, displayed at identical angles, of the 3D structure of the human mature 40S subunit (PDB code: 4V6X) devoid of RPS10 and RPS26. This model was scaled to the same pixel size as in (**A**) and low-pass filtered at 21-Å resolution. (**C**), Surface views of the unfiltered final map of HASt-LTV1 pre-40S particles colored according to local resolution calculated with ResMap ([@B32]).](gkw714fig2){#F2}

This structure resembles the mature small ribosomal subunit in its overall morphological features and dimensions, with some apparent additional densities (Figure [2A](#F2){ref-type="fig"}, to be compared to the mature 40S subunit structure filtered at an equivalent resolution on Figure [2B](#F2){ref-type="fig"}). Based on local resolution assays, the median resolution of the structure is around 15 Å, with seemingly more resolved regions forming small, scattered areas in the center of the structure (blue to green regions on Figure [2C](#F2){ref-type="fig"} and Supplementary Figure S2B). On the contrary, other parts of the structure harbor a lower level of detail, with resolution down to 26 Å (in red). Most of these 'less-ordered' regions correspond to extra-densities that are absent from the mature 40S subunit and that have been attributed to ribosome biogenesis factors (see below). This suggests that these proteins are loosely tethered to the pre-40S and may move around their anchoring point, and/or that their presence is substoichiometric among the observed pre-40S particles.

Structures of the human and yeast cytoplasmic pre-40S particles are globally conserved {#SEC3-2}
--------------------------------------------------------------------------------------

To analyze the structural model in more details, we performed rigid body docking of a 3D structure of the human 40S subunit structure (PDB code: 4V6X) into the pre-40S electron density map (Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). RPS10 and RPS26, which are absent from these pre-40S particles (Figure [1B](#F1){ref-type="fig"}), were removed from the docked 40S subunit structure. The pre-40S particle electron density map accommodates all the components of the mature 40S subunit, with the exception of RPS25, whose structured residues are clearly out of this density map (Figure [3A](#F3){ref-type="fig"}, red ribbon). Nevertheless, previous mass spectrometry analyses have shown that RPS25 is associated with HASt-LTV1 ([@B26]). This suggests that, at this maturation step, RPS25 is not in its final position.

![Interpretation of the cryo-EM structure of human HASt-LTV1 pre-40S particles. (**A**), The electron density map of HASt-LTV1 pre-40S particles (white density) was fitted with the quasi-atomic 3D structure of the mature human 40S subunit devoid of RPS10 and RPS26 (ribbon style, pale blue unless otherwise stated). The view from the head (left panel) and the close-up of the region framed by a black rectangle (right panel) show that RPS25 in its mature conformation (red ribbon) cannot be fitted in the pre-40S density map. (**B**), Ribosome biogenesis factors associated to HASt-LTV1 pre-40S particles were positioned on the human pre-40S 3D structure according to CRAC data ([@B8],[@B34]) and cryo-EM structures ([@B10],[@B25]) obtained in yeast. Segmentation of the HASt-LTV1 pre-40S map was performed with the 'Segger' command ([@B75]) from Chimera ([@B33]). Available atomic models of ribosome biogenesis factors were fitted into their corresponding densities zones by rigid body docking. (**C**), As a comparison, the electron density map of yeast Rio2-TAP pre-40S particle (EMDB accession code: 1927) was aligned to the human HASt-LTV1 pre-40S particle, by using the 'Fit' command of Chimera. The density zones attributed to pre-ribosomal factors are displayed in similar colors in (**B**) and (**C**).](gkw714fig3){#F3}

![Details of the 3D model of human HASt-LTV1 pre-40S particle. (**A**), Solvent view of the 3D model (left panel) and close-up of the framed head region (right panel). (**B-C**), Interface views (left panel) and close-ups (right panel) on the electron density map domain of the HASt-LTV1 pre-40S particle attributed to TSR1 (**B**, pink contour) and RIO2 (**C**, green contour). Both domains have been left empty to see the contacts with the components of the mature 40S subunit, i.e. for TSR1 (**B**): rRNA segments of h32 (dark blue), and h5 (red) and RPS23 (light grey). (**C**), Interactions between RIO2 and rRNA: h30 (yellow), and upper part of h44 (orange). Cross-linking site of yeast Rio2 on h31 as found by CRAC analyses ([@B34]) is represented by black beads. (**D**), Platform view of the HASt-LTV1 pre-40S 3D model (left panel) and close-up (right panel). Atoms of the 3′ end of 18S rRNA are represented in black. The NMR structure of *P. horikoshii* Nob1 (PDB code: 2LCQ) is in medium blue, while atoms of its catalytic site are displayed in orange.](gkw714fig4){#F4}

This docking experiment also highlighted several zones of extra-densities on the pre-40S structure compared to the mature one (Figure [3B](#F3){ref-type="fig"}). One is located between the beak and the shoulder region and is terminated by a horn-like structure on the head of the pre-40S particle (yellow). Another partly fills the center of the platform domain (blue). In addition, two elongated extra-density regions are located on the interface domain, near the A and P tRNA interaction sites (pink and green). These extra-densities are also clearly visible when computing a difference map between the pre-40S and the docked mature human 40S subunit (Supplementary Figure S2C). They roughly correspond to the locations assigned to RBFs in 3D EM structures of yeast pre-40S particles purified at an equivalent maturation step ([@B10],[@B25]) (Figure [3C](#F3){ref-type="fig"}), but display significant morphological differences as detailed below.

The ENP1:LTV1:RPS3 module {#SEC3-3}
-------------------------

The horn on the head of the pre-40S particle (Figure [3B](#F3){ref-type="fig"}, pale yellow) likely corresponds to the domain formed by ENP1, LTV1 and RPS3 ([@B40]). This hypothesis is supported by the known position of RPS3 in the mature 40S subunit structure, CRAC analyses of the yeast pre-40S ribosomal RBFs ([@B8],[@B34]), as well as the localization of these factors on the yeast pre-40S subunit (Figure [3C](#F3){ref-type="fig"}). Rigid body docking indicates that the majority of the RPS3 structure, as found in the mature ribosome, fits into the beak region of the human pre-40S particle (Figure [4A](#F4){ref-type="fig"}). This is a notable difference with the yeast cryo-EM structure of Rio2-TAP pre-40S particles, which does not accommodate RPS3 in its mature position, although RPS3 was detected by mass spectrometry ([@B25]). Indeed, volume-to-volume fitting assays show that the human pre-40S structure displays more density in the beak region than its yeast counterpart (Supplementary Figure S2D, grey arrowhead on surface view). Ltv1, Enp1 and Rps3 are known to form a very stable protein complex, which can be untethered from the beak of pre-40S particles by treatment with high concentrations of salt ([@B40]). This module may be more rigidly anchored to human pre-40S particles compared to its yeast counterpart, thus representing more electron density in the beak region of the human pre-40S structure.

The 60S interface module: TSR1 and RIO2 {#SEC3-4}
---------------------------------------

By analogy with the EM data obtained in yeast ([@B25]), we attributed the two extra-densities domains located on the 60S interface to TSR1 for the density closest to the beak and the A tRNA binding site (Figure [3B](#F3){ref-type="fig"}, pink), and to RIO2 for the density at the center of the pre-40S subunit (Figure [3B](#F3){ref-type="fig"}, green), respectively. Both proteins seem to bridge the head and the body of the pre-40S particle, and occlude the mRNA decoding groove (Figures [2A](#F2){ref-type="fig"} and [3B](#F3){ref-type="fig"} (interface views) and Figure [4B](#F4){ref-type="fig"}). In the human model, RIO2 and TSR1 appear significantly closer (57 Å) than in the yeast model (93 Å) (compare interface views in Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). The density attributed to TSR1 connects rRNA helices h32/34, located on the head, to RPS23 and rRNA helix h5, situated on the body of the small subunit precursor (Figure [4B](#F4){ref-type="fig"}). This density slightly bulges outwards and is closer to the beak than to the center of the body. In this position, TSR1 is expected to sterically hamper the binding of translation initiation factors such as eIF1A, DHX29 and eIF5b on the small ribosomal subunit ([@B41]--[@B43]).

The shape and position of the extra-density corresponding to kinase RIO2 are not strictly similar to yeast (compare Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}, interface views, green; see also Supplementary Figure S2D, white and dark purple arrowheads on interface view). In yeast, Rio2 has been positioned perpendicularly to helix h44, nested into the mRNA groove over the platform domain and close to tRNA binding site E ([@B25],[@B44]). Here, human RIO2 is parallel to helix h44, covering its upper part and the tRNA binding site P, and linking h44 to h30 on the beak of the particle (Figure [4C](#F4){ref-type="fig"}). Rigid body docking assays of the X-ray structure of Rio2 from fungus *Chaetomium thermophilum* (PDB code: 4GYI ([@B44])) into the extra-density zone attributed to RIO2 yielded no satisfactory result (Supplementary Figure S3A, green). This suggests either a substoichiometric binding of this maturation factor on the pre-40S particle, or that RIO2 wobbles around an anchoring position.

The platform module: NOB1 and DIM2 {#SEC3-5}
----------------------------------

The general aspect of the platform on the human pre-40S structure is similar to its yeast counterpart, with NOB1 forming a knob obstructing the platform 'valley' (Figure [3B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). Nob1 is the enzyme ensuring the endonucleolytic cleavage of the last precursor to 18S rRNA in yeast ([@B45]--[@B47]) and its homolog is likely to play a similar role in human ([@B39],[@B48]). The NMR structure of Nob1 from archaea *P. horikoshii* (PDB code: 2LCQ; Supplementary Figure S3B, blue) revealed two structurally independent domains, separated by a flexible linker ([@B49]). Its catalytic activity is carried by aspartates 12 and 82, and several other amino acids lining the Mn^2+^ pocket of the PIN domain ([@B45],[@B47],[@B49]). The PIN domain represents a large N-terminal region, whereas the smaller, globular C-terminal part of the protein is formed by the zinc ribbon domain. This archaeal Nob1 is composed of only 161 amino acids, which are highly conserved in its human counterpart, made of 412 amino acids. Using PSIPRED ([@B50]) and BioSERF ([@B51]), we performed secondary structure predictions and built a homology 3D model. The result suggests that the 3D structure of human NOB1 is also composed of these two conserved structural domains, interspersed by two long, unstructured stretches of more than 150 amino acids: a PIN domain-intrinsic loop and a C-terminal extension after the Zn-ribbon domain (Supplementary Figure S3B, yellow). Although NOB1 is ∼2.5 times heavier than its archaeal counterpart, both 3D structures at a resolution of ∼19 Å should give rise to similar electron density maps showing only the structured domains. On the basis of this similarity, we docked the archaeal Nob1 NMR solution structure into the human pre-40S electron density map (Figure [4D](#F4){ref-type="fig"}). The fitting experiments indicated that the zinc ribbon domain could form the small outgrowth poking out of the head. This position is in good agreement with recent findings showing that the zinc ribbon domain is sufficient to interact with helix 40 of the rRNA ([@B34],[@B49]). The N-terminal PIN domain of NOB1 would then be nested on the platform 'valley'. In this model, the 3′ end of 18S rRNA and the catalytic site of NOB1 are separated by at least 40 Å. This large distance indicates that at this maturation step, NOB1 cannot perform its endonucleolytic activity on the 18S-E pre-rRNA. Thus, we postulate that, as proposed for yeast ([@B11],[@B46]), NOB1 must change position or undergo a conformational change of an unknown nature to reach and cleave the 3′ end of the 18S rRNA.

DIM2, also known as PNO1 (Partner of Nob1), is associated with NOB1 until a very late maturation step in yeast and human pre-40S particles ([@B6],[@B7],[@B9],[@B13]). Though human DIM2 is associated with HASt-LTV1 particles, as shown by mass spectrometry and Western blot analyses ([@B26]), we did not distinguish any extra density zone large enough to position DIM2 with certainty. In yeast, Dim2 was assigned to a density in the vicinity of the platform/back of the head interface region, both by 3D EM structure (Figure [3C](#F3){ref-type="fig"}, orange) ([@B25]) and later on by CRAC analyses ([@B8]). Thus, because the platform domain of the human pre-40S particle appears globally bigger than its mature counterpart, we assume that DIM2 is present somewhere in this region of the particle (see Discussion).

RACK1 is stably bound to various precursors of the human small ribosomal subunit {#SEC3-6}
--------------------------------------------------------------------------------

The so-called 'ear region' of the human pre-40S structure presents a density of ∼67 nm^3^ that can almost entirely accommodate RACK1 (Figures [2A](#F2){ref-type="fig"}, [3B](#F3){ref-type="fig"} and [4A](#F4){ref-type="fig"}). This represents a distinct feature from yeast, since Asc1p/Rack1 was not found in the structure of yeast Rio2-TAP pre-40S particles and was proposed to associate very late in the maturation pathway ([@B12],[@B25]). Nevertheless, RACK1 has been previously identified by mass spectrometry as part of human cytoplasmic pre-40S particles isolated by HASt-LTV1, as well as in nucle(ol)ar particles purified by using NOC4 ([@B26]) or C21ORF70 (data not shown) as baits. Moreover, RNAi screening for proteins involved in ribosome maturation revealed that RACK1 knockdown impairs the release of ENP1 from cytoplasmic pre-40S particles ([@B20]).

To confirm the robustness of the protruding density provisionally assigned to RACK1, we processed the same dataset of imaged particles to calculate a second 3D reconstruction. The 3D structure of the human 40S subunit (PDB code: 4V6X), devoid of RACK1, and low-pass filtered to 60 Å resolution, was used as initial reference. As expected from the presence of RACK1 on HASt-LTV1 particles, a protruding density in the ear region was restored in this 3D reconstruction (Supplementary Figure S3C, domain framed by a black ellipse; compare to the structure of the mature 40S subunit devoid of RACK1 and filtered to 21 Å resolution in Supplementary Figure S3D). The volume of this density was smaller (∼35 nm^3^), than in the reconstruction obtained by using the 3D structure of the human 40S subunit including RACK1 as initial reference. This suggests that the binding of RACK1 to the HASt-LTV1 pre-40S particles is either substoichiometric or that its position on the particle is fluctuating around a tethering area.

RACK1 depletion affects the ultimate steps of 18S-E pre-rRNA processing {#SEC3-7}
-----------------------------------------------------------------------

The presence of RACK1 in human pre-40S particles prompted us to investigate its role in 18S pre-rRNA processing. Depletion experiments were conducted with three different siRNAs targeting RACK1 (85--95% reduction of RACK1 mRNA levels, Supplementary Figure S4) and compared to the action of siRNAs directed against late-acting RPSs. After depletion for 48 hours, Northern blot analyses showed an accumulation of 18S-E pre-rRNA in all these samples compared to control cells treated with a scramble siRNA (Figure [5A](#F5){ref-type="fig"} and [F](#F5){ref-type="fig"}). In contrast, the levels of both the precursors to the large subunit (12S and 32S pre-rRNAs) and the mature 28S rRNA were unchanged compared to control cells (Figure [5](#F5){ref-type="fig"}, [B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). After RACK1 knockdown, the 18S-E/28S ratio was comparable to that obtained after depletion of RPS15 ([@B4],[@B52]), which is required for nuclear export of pre-40S particles, but not as high as that of cells lacking RPS10 or RPS26, two proteins needed for the cytoplasmic steps of 18S-E pre-rRNA processing (Figure [5A](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}). However, this accumulation of 18S-E pre-rRNA after RACK1 knockdown did not lead to a strong imbalance of the 18S/28S rRNA ratio, which is observed upon knockdown of most RPSs, as illustrated with RPS10, RPS15 or RPS26 depletion (Figure [5C](#F5){ref-type="fig"} and [D](#F5){ref-type="fig"}). These results indicate that RACK1 affects 18S-E pre-rRNA processing, but does not lead to a strong defect in 18S rRNA production. A similar phenotype was previously described for RPS25, while depletion of the 31 other RPSs strongly impairs 18S rRNA synthesis and 40S subunit accumulation ([@B35]). Consistently, loss of RACK1 only led to a moderate decrease of the free 40S subunit peak observed by polysome analysis, in contrast with the visible diminution of free 40S subunits yielded by RPS26 depletion (Figure [5E](#F5){ref-type="fig"}). However, RACK1-depleted cells showed a larger monosome peak (Figure [5E](#F5){ref-type="fig"}, overlay), together with a marked decrease of the polysome levels, compared to control cells. This phenotype suggests that knockdown of RACK1 has a general effect on translation.

![Analysis of the role of RACK1 in ribosome biogenesis. (**A--C**) Northern blot analysis of total RNAs extracted from HeLa cells treated for 48 h with the indicated siRNAs. Precursors to the 18S and 28S rRNAs were successively revealed with the 5′ ITS1 (**A**) and ITS2 probes (**B**), before visualizing the 18S and 28S rRNAs (**C**). (**D**) After quantification, the levels of 18S-E pre-rRNA and 18S rRNA relative to 28S rRNAs were assessed for each sample ([@B76]) and expressed relatively to the control (scr). (**E**), Cytoplasmic fractions prepared from siRNA-treated cells were separated on 10--50% sucrose gradients in order to evaluate the impact of the corresponding knockdown upon ribosomal subunit synthesis and assembly. (**F**), After treatment with different siRNAs for 48 h, HeLa cells were subjected to sub-cellular fractionation, and the 18S-E pre-rRNA precursors contained in each fraction were evidenced by northern blot. (**G**) The intracellular localization of the precursors to the 18S rRNA was also assessed by FISH experiments conducted with a 5′ ITS1 probe. The mean fluorescence intensity (MFI) in the cytoplasm was measured in 316 pixel (∼1.3 μm^2^) regions distributed over 18--20 cells taken with the same exposure time. The MFI values displayed in the picture correspond to the mean of 48 measurements (Student\'s *t*-test: *P* = 0.0005). (**H**) RNA samples displayed in (**A**) were hybridized to a primer complementary to the 3′ end of the 18S rRNA, and subjected to RNase H treatment prior to separation on a denaturing 12% polyacrylamide gel. After transfer to a nylon membrane, the 3′ extremities of the various 18S-E species were revealed with a 5′ ITS1 probe. The position of the longest 18S-E precursors, corresponding to an 81-nt ITS1 extension, is indicated by a black arrowhead. The shortest 18S-E pre-rRNAs revealed by the 5′ ITS1 probe corresponded to ITS1 extensions around 20 nt (gray arrowhead).](gkw714fig5){#F5}

The maturation of the 18S-E pre-rRNA is a multi-step process starting in the nucleus and ending in the cytoplasm, which involves 3′-5′ exoRNase(s) and endonuclease NOB1 ([@B21],[@B39],[@B48]). In order to determine more accurately the step impacted by RACK1 depletion, we performed cell fractionation analyses. The loss of RACK1 induced accumulation of 18S-E pre-rRNA in the cytoplasm, whereas depletion of RPS15, a RPS required for nuclear export competency, resulted in nuclear accumulation of this species (Figure [5F](#F5){ref-type="fig"}). FISH experiments conducted with the 5′ ITS1 probe confirmed this increase of 18S-E pre-rRNA in the cytoplasm upon depletion of RACK1 compared to control cells (Figure [5G](#F5){ref-type="fig"}). Therefore, the loss of RACK1 did not noticeably affect nuclear export of 18S-E pre-rRNA, but delayed its final processing at site 3 in the cytoplasm. To further address this point, RNase H digestion assays were performed on total RNA samples in order to compare the patterns of the 18S-E pre-rRNA 3′ extremities (Figure [5H](#F5){ref-type="fig"}). In the control, the 5′ ITS1 probe revealed a ladder of bands, corresponding to ITS1 extensions spanning from 81 nt (*i.e*. position of site E; black arrow) to around 20 nt (grey arrow), as expected from 3′-5′ exonucleolytic processing. Depletion of RPS10 or RPS26 led to a strong accumulation of long ITS1 extensions, together with shorter 18S-E pre-rRNA species, meaning that the trimming of the ITS1 extension was impeded in the absence of these RPSs. Depletion of RACK1 led to a pattern in which only 18S-E pre-rRNAs bearing short ITS1 extensions were enriched. This result suggests that the absence of RACK1 does not affect the exonucleolytic processing of the ITS1, but slows down the kinetics of the endonucleolytic cleavage at site 3 that produces 18S rRNA.

DISCUSSION {#SEC4}
==========

Human HASt-LTV1 pre-40S particles display an overall flexible structure {#SEC4-1}
-----------------------------------------------------------------------

By using cryo-EM and single particle analysis methods, we have solved the 3D structure of an early cytoplasmic intermediate of the human small ribosomal subunit at 19 Å resolution. This resolution is in the same range as the two structures of yeast cytoplasmic pre-40S particles currently available ([@B10],[@B25]), despite the considerable challenge of purifying these particles in much lower amount from human cells. A major obstacle to reach high resolution is the well-known intrinsic flexibility of the small ribosomal subunit ([@B53],[@B54]). Indeed, our many attempts to perform 3D classification to increase resolution did not give rise to distinct conformers (Supplementary Material and Supplementary Figure S1). This leads us to conclude that HASt-LTV1 pre-40S particles display continuous structural heterogeneity ([@B55]), and that high flexibility of Ltv1-TAP pre-40S particles prevails over its compositional heterogeneity. Thus, describing the full heterogeneity and determining high resolution 3D structure(s) of such pre-40S particles will require a much larger number of particles. Moreover, the use of light chemical cross-linking might help to reduce their flexibility ([@B56]). Nevertheless, the 19 Å resolution 3D structure presented here provides sufficient information to propose the positioning of five ribosomal biogenesis factors and identify RACK1 as an unexpected component of these particles.

The interplay between RPS3, LTV1 and ENP1 {#SEC4-2}
-----------------------------------------

A few regions of the pre-40S particle structure showed extra-densities compared to the mature 40S subunit. These likely correspond to the presence of ribosome biogenesis factors stably bound to the HASt-LTV1 pre-40S particle ([@B26]). The protein composition of these human pre-40S particles is globally similar to that of yeast pre-40S particles purified at the same maturation step ([@B25]); only the methyltransferase DIM1 (DIMT1L) is absent from human HASt-LTV1 pre-40S particles, while present on yeast Rio2-TAP pre-40S particles. This is in good agreement with the observation that base modification by DIM1/Dim1 is already performed in the nucleus in human cells, whereas it takes place in the cytoplasm in yeast ([@B24],[@B57]). In accordance with this compositional similarity, extra-densities present in the human HASt-LTV1 pre-40S particles have been positioned in the same areas as in the yeast Rio2-TAP pre-40S particles. Nevertheless, they show marked morphological differences.

Due to the known position of RPS3, we attributed the density located on the beak region of the human pre-40S structure to the module formed by ENP1/Bystin, LTV1 and RPS3. The C-terminal part of the RPS3 structure does not seem to be in its final position (Figure [4A](#F4){ref-type="fig"}), which would suggest a subsequent structural rearrangement upon maturation. Recent structures of an 'open' conformation of RPS3, bound to its chaperone Yar1 have led to a model of RPS3 integration into the subunit, in which RPS3 would first interact with the pre-40S particle *via* its C-terminal part ([@B58]), ([@B59]). Though this low resolution 3D structure prevents us to confirm this model, our data reinforce the general idea that the release of LTV1 and ENP1 from the pre-40S subunit after phosphorylation by CK1ϵ and δ ([@B9],[@B10]) triggers a conformational change of RPS3, which finalizes its accommodation on the 40S subunit ([@B25],[@B40],[@B58],[@B59]).

What prevents the pre-40S particles to initiate translation or associate with 60S subunits? {#SEC4-3}
-------------------------------------------------------------------------------------------

Human TSR1 is an 804 amino acid protein which structurally mimics the translation elongation factor SelB ([@B60],[@B61]), and the translation initiation factor IF2/eIF5B ([@B62]). Though it belongs to the same family as the GTPase Bms1 and adopts a fold similar to translation factor GTPases such as domain II of elongation factor Tu ([@B23],[@B61]), yeast Tsr1 does neither bear GTP-binding nor GTPase activity *in vitro* ([@B11]). Rigid body docking of the recently solved structure of yeast Tsr1 (pdb code 5IW7 ([@B61]) on the human pre-40S electron density map (Supplementary Figure S3A) shows that positioning of TSR1 would be highly similar to what was proposed in yeast ([@B61]), or for SelB association to the mature ribosome ([@B62]). As for SelB, however, the position of TSR1 on the human pre-40S structure does not seem to represent a steric hindrance *per se* for association of the pre-40S particle with a 60S subunit, unlike what was proposed for the yeast pre-40S particles ([@B25]). Nevertheless, TSR1 clearly impedes the binding of several translation factors, including initiation factors.

Close to TSR1 and covering the tRNA binding site P, we attributed another extra-density to RIO2. This position in the human model is, like in yeast, in good agreement with CRAC data, which show that Rio2 binds preferentially to rRNA residues of helix 31 ([@B34]). Rigid-body docking of the X-ray structure of Rio2 from fungus *Chaetomium thermophilum* (PDB code: 4GYI ([@B44])) into this domain yielded no satisfactory result (Supplementary Figure S3A). This suggests either a substoichiometric binding of this maturation factor on the pre-40S particle, or that RIO2 wobbles around an anchoring position that corresponds to the extra-density visible on the structure. This very central location of RIO2 prevents tRNAs to be loaded on the pre-40S particle, therefore impeding translation initiation to occur. We hypothesize that RIO2 is a key player, if not the only one, in blocking the association of human pre-40S particles with 60S subunits through steric hindrance.

A structural rearrangement of the platform? {#SEC4-4}
-------------------------------------------

Though DIM2 is found associated with pre-40S particles isolated with HASt-LTV1 based on mass spectrometry and Western blot analyses, we could not identify any extra-density domain of the human pre-40S particle to be large enough to be attributed to DIM2 with certainty. This could be explained by the possibility that DIM2, although located at the surface of the pre-ribosomal particle, does not adopt a conformation stable enough to be visualized on a pre-40S particle at this maturation step. Alternatively, we cannot formally exclude that association of DIM2 is sub-stoichiometric. Considering the larger volume of the platform of the pre-ribosomal particle compared to the mature subunit, a third hypothesis would be that DIM2 is buried within the platform, occupying the space allotted to RPS26 in the mature small ribosomal subunit and somehow sequestering the 18S-E pre-rRNA 3′ end. This hypothesis would be in good agreement with CRAC analyses performed in yeast ([@B8]), which have shown that Dim2 displays strong interactions with rRNA helices h24, h28 and h45 in the platform domain. Moreover, this would reinforce the emerging idea that the platform undergoes significant remodeling events during cytoplasmic maturation steps ([@B13],[@B63]).

RACK1 is associated to early, cytoplasmic pre-40S particles and facilitates the last maturation steps {#SEC4-5}
-----------------------------------------------------------------------------------------------------

RACK1 has been first described as a scaffolding protein involved in multiple cellular signaling pathways and cellular processes, and its function as a ribosomal protein has been only recently acknowledged (for review, ([@B64],[@B65])). RACK1 was found in the structure of mature yeast and mammalian 40S subunits, but its presence in yeast pre-40S particles has remained unclear. Asc1p, the yeast homolog of RACK1, was detected as a sub-stoichiometric component of 90S and pre-40S particles ([@B66]), but did not appear in the cryo-EM structure of pre-40S particles isolated by Rio2-TAP ([@B25]). It was co-purified with the ribosomal biogenesis factor Fap7p and proposed to incorporate into pre-40S particles at a late cytoplasmic maturation stage ([@B12]). Nevertheless, it was not found to co-precipitate with 20S pre-rRNA, the RNA component of pre-40S particles ([@B67]). Our results show the unmistakable presence of RACK1 in human HASt-LTV1 pre-40S particles, as predicted by mass spectrometry data ([@B26]). 3D reconstruction experiments obtained by using an initial model devoid of RACK1 saw only a partial density growing back in the RACK1 region, suggesting that this protein is either not in its mature position, or that it is sub-stoichiometrically associated to these pre-40S particles. The various structures generated by 3D classifications assays always harbored a density in the ear region (Supplementary Figure S1A and SD), even when using the model devoid of RACK1 as initial reference (not shown). This favors the first hypothesis, but will need additional techniques such as quantitative mass spectrometry to be confirmed.

Consistent with previous RNAi screening results showing the involvement of RACK1 in human pre-40S particle maturation ([@B20]), we demonstrate here that RACK1 is necessary for the efficient conversion of the 18S-E pre-rRNA to 18S rRNA, but that it is not strictly required for the formation of 40S ribosomal subunits. A similar phenotype was observed for RPS25, while all other RPSs are strictly necessary for 18S rRNA production ([@B35]). Both RACK1 and RPS25 are specific to eukaryotic ribosomes. They are positioned at the back of the head of the small subunit, above the platform, and were recently implicated in the regulation of translation initiation for specific classes of viral IRESs ([@B68],[@B69]). RACK1 has long been proposed to play a role in the regulation of general translation by acting as a scaffolding protein for recruiting the active form of the PKC ß II kinase to the ribosome ([@B70]--[@B72]). It is tempting to speculate that accumulation of 18S-E pre-rRNA in RACK1-depleted cells could reflect a coupling between the final processing of the 3′ end of 18S rRNA and translation initiation. According to a recent structure of a mammalian 43S complex, the PCI/MPN core of the translation initiation factor eIF3 is positioned in the vicinity of the 18S rRNA 3′ end, with the subunit eIF3d contacting RACK1 ([@B43]). The carboxyl terminus of eIF3c was also found to interact with RACK1 by two-hybrid screening in yeast ([@B73]). Therefore, although not essential in yeast or in cultured mammalian cells, RACK1 might be an accessory factor for the recruitment of eIF3, which in turn could, for example, stimulate NOB1 activity by favoring the structural rearrangement of the platform mentioned above. Such interplay between eIF3 and processing of the 18S rRNA 3′ end was already suggested in *S. cerevisiae*, where the absence of Hcr1, the ortholog of eIF3j, resulted in an accumulation of 20S pre-rRNA ([@B74]). Furthermore, a recent genome-wide RNAi screening has indicated that components of the eIF3 complex were required for 40S subunit synthesis in human cells ([@B22]). Additional work is now necessary to explore this putative role of RACK1 in the coordination between the final steps of the 18S rRNA formation and translation initiation. Our findings showing that RACK1 is present in early, cytoplasmic pre-40S particles of human cells reinforces the idea that the dynamics of pre-40S particle maturation differs between yeast and mammals ([@B23]), which could be related to additional quality control or regulatory mechanisms.

COORDINATES {#SEC5}
===========

The electron density map of the human HASt-LTV1 pre-40S particle was deposited in the Electron Microscopy Data Bank (European Molecular Biology Laboratory-European Bioinformatics Institute, Cambridge, UK) with the accession code EMD-3300.
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